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21. Despite the absence of key information about sedi-
ment caliber, stream load, original gradients, and
original basin morphometry that would be needed to
perform a quantitative assessment of the hydrology
of the Holden NE basin, it is somewhat informative
to examine those aspects of the system for which
some reasonable assumptions can be made. The rel-
atively low gradient (0.35°) of the well-exposed me-
ander zone seen in Fig. 2A, and the measurement of
a typical channel width of 50 m, permits the calcu-
lation of flow velocity using the Manning equation
with appropriately gravity-modified parameters (33)
if one assumes a range of possible flow depths and
Manning roughness coefficients. For values of rough-
ness corresponding to 0.04 on Earth (a bed mostly of
fine-grained materials but with some stones), flow
depths of a few meters on Mars would flow at a few
meters per second, producing discharges of a few
hundred cubic meters per second. Terrestrial field
experience suggests that this rate is consistent with
the size and configuration of the meanders seen
(although perhaps on the high end of such an esti-
mate). Were this discharge to occur today, it would
fill the existing, eroded floor of Holden NE Crater to
the –1300 m level (the level at which both major
valleys entering the crater lose definition) in roughly
20 years. Although fraught with uncertainties owing
to dependencies on climate, catchment basin size and
geometry, and lake volume, the Holden NE values fall
within a range that includes comparable desert envi-
ronment lakes such as the Great Salt Lake in Utah
and the Sea of Galilee (inflow rates of tens to hun-
dreds of cubic meters per second, lake volumes of 109

to 1011 m3, and filling times of decades). These
calculations simply show that the relations are inter-
nally consistent with similar relations seen on Earth,
not necessarily that the situations are identical.

22. As part of our study, we targeted 158 locations identi-
fied by previous investigations [e.g., appendix B in (34)]

as potential “alluvial fans” and “deltas” (34, 35) and
more than 100 additional locations exhibiting similar
topographic relations (valleys entering depressions). As
of October 2003, some 200 MOC images covering
approximately 80 locations had been acquired and in-
spected. All of these images show features quite differ-
ent from those discussed in this work, generally falling
into two categories. The most prevalent category is one
in which the floors of the valley and crater are concor-
dant, showing no discernible expression of deposition
(e.g., MOC images E04-01284, E23-01302, and R02-
00995). In these cases, alluvial deposits may exist but
have been buried by some process that filled the crater,
or may have once existed but have since been com-
pletely stripped away. In a relatively small number of
cases (the second category), a discernible apron of
material is seen at the point where the valley enters the
crater. Although the aprons have some attributes of
alluvial fans (they are conical in three-dimensional form,
have longitudinal slopes �2° and convex transverse
sections, and occur adjacent to high-standing relief),
they have three characteristics that distinguish them
from the fan described in this work: They consist of a
single (rather than multiple) lobe of material, they lack
a radial (or distributary) pattern of conduits, and they
display concentric steps in their surface’s descent to the
crater floor (e.g., MOC images E02-00508 and R02-
00093). The concentric steps are unique to the aprons,
as the adjacent crater walls do not display such forms
(that is, the steps are not wave-cut terraces). In some
cases, the volume of the apron appears to be equal to
the volume of the valley (e.g., MOC images E05-02330,
E09-00340, and E11-00948). These aprons appear to be
the result of mass movements rather than fluvial pro-
cesses, with the concentric steps resulting from succes-
sive surges of the material as it moved out of the valley
or, more likely, as the expression of compressive stress
in the material as it came to rest within the crater.

23. We use the term “rhythmically layered” to denote a se-

quence of tens to hundreds of repeated layers (or packages
of layers too fine to resolve in MOC images) of essentially
identical thickness and outcrop expression.
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An Early Cretaceous Tribosphenic
Mammal and Metatherian

Evolution
Zhe-Xi Luo,1,2* Qiang Ji,2,3 John R. Wible,1 Chong-Xi Yuan4

Derived features of a new boreosphenidan mammal from the Lower Cretaceous
Yixian Formation of China suggest that it has a closer relationship to met-
atherians (including extant marsupials) than to eutherians (including extant
placentals). This fossil dates to 125 million years ago and extends the record
ofmarsupial relatives with skeletal remains by 50million years. It also hasmany
foot structures known only from climbing and tree-living extant mammals,
suggesting that early crown therians exploited diverse niches. New data from
this fossil support the view that Asia was likely the center for the diversification
of the earliest metatherians and eutherians during the Early Cretaceous.

Marsupials are one of the three main lineages
of extant mammals (Monotremata, Marsupia-
lia, and Placentalia) (1, 2). Extant marsupials,
such as the opossum, kangaroo, and koala,
are a subgroup of the Metatheria, which also

includes all extinct mammals that are more
closely related to extant marsupials than to
extant placentals (3). Both metatherians and
eutherians (including extant placentals) are
subgroups of the northern tribosphenic mam-
mal clade or Boreosphenida (2, 4, 5). Here we
report a new boreosphenidan mammal with
close affinities to metatherians, and discuss
its implications for the phylogenetic, biogeo-
graphic, and locomotory evolution of the ear-
liest eutherians and metatherians.

Sinodelphys szalayi (6) gen. et sp. nov. is
distinguishable from all mammals (7–11)

previously known from the Yixian Formation
[125 million years ago (Ma) (12)] by a long
list of apomorphies (13, 14). Numerous den-
tal and skeletal apomorphies also distinguish
Sinodelphys from all Cretaceous eutherians
(including Eomaia from the Yixian Forma-
tion) (2, 10, 15–18). Sinodelphys is also more
derived than the stem boreosphenidans (4)
outside the therian crown group (metathe-
rians � eutherians) in several dental apo-
morphies, but is less advanced than other
metatherians including Deltatheridium (3) in
dental formula (13, 14). Hairs are preserved
as carbonized filaments and impressions
around the torso of the holotype (Fig. 1). The
pelage appears to have both guard hairs and
denser underhairs close to the body surface.

Description and comparison. Sinodel-
phys szalayi is more closely related to extant
marsupials than to extant placentals and
stem taxa of boreosphenidans in its many
marsupial-like apomorphies in the skeleton
and anterior dentition (Fig. 1). The posterior
upper incisors (I3, I4) are mediolaterally
compressed with an asymmetrical, lanceolate
(nearly diamond) outline in lateral view. This
feature is characteristic of “didelphid-like”
marsupials and the stem metatherians for
which incisors are known (19–24), but it is
absent in all known Cretaceous eutherians
and mammals outside crown Theria (7, 10,
25–27). The first upper premolar (P1) is pro-
cumbent and close to the upper canine, fol-
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lowed by a large diastema behind (Fig. 1C), a
derived feature of Late Cretaceous metathe-
rians and Cenozoic “didelphid-like” marsupi-
als (3, 19–23). Sinodelphys has a mixture of
derived and primitive characters in the mo-
lars. Its lower molars have developed an ap-
proximation of the entoconid to the hypo-
conulid [only exposed on m1 (14)], as in the
metatherians Asiatherium (28), Kokopellia
(29), and Marsasia (30). In this feature Sino-
delphys is more marsupial-like than the stem
boreosphenidans (4, 5) and some deltathe-
roidans (3, 30–33), in which the entoconid is
indistinct or absent. However, Sinodelphys
and the aforementioned metatherians lack the
full twinning of these cusps seen in Late
Cretaceous metatherians (34). The seven
lower postcanine loci of Sinodelphys are
present in some Late Cretaceous eutherians.
The four upper molars are also present in the
stem boreosphenidan Kielantherium, outside
the basal metatherians (3). Sinodelphys lacks
the inflected mandibular angular process of
the more derived metatherians (35).

The wrist and ankle of Sinodelphys have
many marsupial-like apomorphies (Figs. 2
and 3). In the manus of Sinodelphys, the
carpals have a hypertrophied hamate (relative
to the capitate and trapezoid), an enlarged
triquetrum (relative to the lunate and distal
ulna), and an enlarged scaphoid (relative to
the lunate and/or trapezium). These features
are characteristic of Asiatherium (28) and
other metatherians (18, 22) and are correlated
with better capacity for gripping in didel-
phids. By contrast, these bones are not en-
larged in Cretaceous eutherians (10, 36) and
stem mammals outside the crown Theria (7,
8, 11). The trapezium is large and oblong in
eutherians (10, 36), but small and bean-shaped
in Sinodelphys and metatherians (Fig. 2).

Sinodelphys is distinctive from all Creta-
ceous eutherians but similar to metatherians
in many derived pedal characters. The tarsals
have a transversely broad but anteroposteri-
orly short navicular (Fig. 2). The navicular
facet on the astragalar head is spread medi-
ally along the length of the neck, such that the

head with its navicular facet is asymmetrical
with regard to the main axis of the astragalar
neck (Fig. 3), as is typical of Cretaceous
metatherians (18). In contrast, the navicular
of Cretaceous and some Tertiary eutherians is
transversely narrow and anteroposteriorly
elongate, with the navicular facet restricted
anteriorly on the astragalar head (Figs. 2 and
3). In some (although not all) Tertiary euth-
erians with a nearly hemispherical astragalar
head, the navicular facet is spread to both the
medial and lateral sides of the neck, so that
the head is symmetrical with regard to the
axis of the neck (10, 18, 36, 37).

Sinodelphys and metatherians also share
several derived calcaneal features (Fig. 3).
The calcaneocuboid facet is obliquely orient-
ed with respect to the length of the calcaneus,
and is buttressed by a large anteroventral
tubercle. This is related to the habitual inver-
sion of the distal part of the pes (18, 38). The
base of the peroneal process is level with the
cuboid facet [as in Sinodelphys and Paleo-
cene metatherians (21)] or anterior to it [as in

Fig. 1. Sinodelphys szalayi gen. et sp. nov. (A) Holotype (Chinese
Academy of Geological Sciences CAGS00-IG03) as preserved (see also
figs. S1 and S2). (B) Restoration of S. szalayi as an agile, climbing
animal, active on uneven substrates and branch-walking. (C) Mandi-
ble, upper and lower dentitions, and medial and lateral views of I4. (D

and E) Comparison of anterior dentitions of (D) the metatherian
Pucadelphys [after (19)] and (E) the marsupial Didelphis. Dental
formula for S. szalayi: C and c, upper (1) and lower (1) canine; I and
i, upper (4) and lower (4) incisors; M and m, upper (4) and lower (3)
molars; P and p, upper (4) and lower (4) premolars.
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Late Cretaceous metatherians (18)]; the sus-
tentacular process forms a pointed triangle.
By contrast, all Cretaceous eutherians show
an anteriorly oriented calcaneocuboid facet
without a well-defined anteroventral tubercle;
the ventral surface posterior to the calcane-
ocuboid facet is flat or slightly grooved in the
anterior part of the calcaneus (37), and the
base of the peroneal process is offset poste-
riorly from the cuboid facet. These eutherian
features are primitive because they are
present in stem therians outside the eutherian-
metatherian clade, such as Vincelestes (27)
and Zhangheotherium (Fig. 3H). In Creta-
ceous eutherians, the sustentacular process is
shelf-like in ventral view, not a pointed angle
as in Sinodelphys and metatherians (Fig. 3).
Sinodelphys also has a much wider supra-
spinous fossa than infraspinous fossa at mid-
length of the scapula; the cranial border of the
scapula has a strongly sigmoidal profile, end-
ing anteriorly in a pronounced supraspinous
incisure. The ectepicondylar region of the
humerus has a shelf-like supinator crest with
a sigmoidal profile. These forelimb features

are well-documented, derived features of Pa-
leocene metatherians (19–21, 38, 39), but are
absent in Cretaceous eutherians (10, 25, 36,
37). Overall, Sinodelphys has many derived,
marsupial-like features of the skeleton and
anterior dentition, but its molars and mandi-
ble have a mosaic of derived metatherian
features and plesiomorphies shared by euth-
erians and taxa outside the crown Theria.

Relationships and paleobiogeography.
We estimated phylogenetic relationships of
Sinodelphys by parsimony analysis of 380
dental, mandibular, cranial, and postcranial
characters of 84 clades that range from ad-
vanced nonmammalian cynodonts to the rep-
resentatives of modern marsupial orders (14).
This data set includes the morphological fea-
tures preserved in Sinodelphys, as well as
characters known to be informative about the
relationships of crown therians (3–5, 25–27)
or shown to be useful for estimates of extant
marsupial phylogenies (18–24). To ensure
that our interpretation of metatherian rela-
tionships would not be adversely affected by
undersampling of successive outgroups, our

analysis also included a wide range of eu-
therians, stem boreosphenidans, and all other
Mesozoic mammal clades (4, 5, 40). The
phylogenetic hypotheses of Sinodelphys, as
proposed here, are fully consistent with pre-
viously established phylogenies of all mam-
malian clades on the basis of global parsimo-
ny of available morphological evidence [e.g.,
(4, 5, 10)].

In our analysis, Sinodelphys is more
closely related to marsupials than to placen-
tals. Within metatherians, Sinodelphys is
placed in the root of the metatherian family
tree (Fig. 4A, node 4) with Holoclemensia, a
dental taxon that has also been hypothesized
to be a basal metatherian (3), but more ple-
siomorphous than Deltatheridium, which is
placed on the next node toward crown mar-
supials (Fig. 4A, node 5). Metatherians from
the early Late Cretaceous (Coniacian) of
Uzbekistan (30) and Kokopellia (�100 Ma)
from North America (29) are resolved into
successively more derived clades toward the
monophyletic group of primarily Late Creta-
ceous metatherians of North America (34),

Fig. 2. Comparison of
foot structure of Sino-
delphys. (A) Forefoot
and (C) hindfoot (tar-
sals and metatarsals)
of the metatherian
Sinodelphys; (B) fore-
foot and (D) hindfoot
of the eutherian Eo-
maia (composite re-
construction; left side
in ventral view, claws
in lateral view, all to
the same scale). Carpal
apomorphies of meta-
therians (including Si-
nodelphys) (18, 22,
28) are listed in (14).
See Fig. 3 for addition-
al tarsal apomorphies
of metatherians and
eutherians. (E and F)
Comparison of man-
ual phalanges be-
tween the mammals
of the Yixian commu-
nity and (E) some
modern placentals
[digit 3 in lateral view
after (47)] and (F) di-
delphid marsupials
[digit 3, proximal and
intermediate phalan-
ges in ventral view,
claws in lateral view,
after (38)] with di-
verse locomotory ad-
aptations: tree shrew
Tupaia [scansorial,
after (47)]; eutherian Eomaia (inferred to be scansorial); Sinodelphys
(inferred to be scansorial or arboreal); flying lemur Cynocephalus (fully
arboreal); didelphid Micoureus (fully arboreal); didelphid Caluromys (fully
arboreal); the Yixian eutriconodont Jeholodens (inferred to be terrestrial);
the Yixian multituberculate (inferred to be terrestrial); didelphid Didel-
phis (scansorial); the Yixian trechnotherian Zhangheotherium (inferred

to be terrestrial); didelphid Metachirus (fully terrestrial). The proximal
phalanges are standardized to the same length; percentage represents
the length ratio of the intermediate to the proximal phalanges; scale
varies among taxa. Arrows indicate phalangeal curvature and protu-
berances for digital flexor tendon sheath, typical of scansorial or
arboreal mammals.
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plus the Paleocene South American taxa that
are proximal stem taxa to the crown marsu-
pial clade. Because of the incompleteness of
some North American Late Cretaceous taxa
and character conflicts in some South Amer-
ican Paleocene taxa, the relationships among
North and South American metatherians are

not fully resolved in the strict consensus tree,
a more conservative estimate of phylogeny
(Fig. 4A). Nonetheless, a more relaxed esti-
mate by the Adams consensus tree from our
analysis (Fig. 4B) suggests that the South
American Pucadelphys (19) and Andinodel-
phys (24) are close to the root of the marsu-

pial crown clade, consistent with previous
studies of these groups (3, 24).

The classic views on early mammalian bio-
geographic evolution hold that both eu-
therians and metatherians originated on the
northern continents [(41), but see (40)] and that
early geographic evolution of metathe-
rians proceeded from Asia and North America
to North and South America, and then to South
America and Australia (18, 24). These views
are corroborated by discoveries of Sinodelphys
(14) and other new eutherians and metatherians
(3, 10, 24–26, 30). In the context of our phy-
logeny (Fig. 4A), the metatherian fossil record
suggests the following sequence for the major
episodes of diversification: divergence of met-
atherians and eutherians in Asia no later than
125 Ma in the Early Cretaceous (Fig. 4A, nodes
2, 3, and 4; Fig. 4B), followed by the evolution
of deltatheroidan-like taxa in both Asia and
North America during the late Early Cretaceous
(120 to 100 Ma) (Fig. 4B), before a major
metatherian diversification in North America in
the Late Cretaceous (100 to 65 Ma) (Fig. 4A,
nodes 6 and 7), and then the Paleocene diver-
sification of proximal relatives to crown mar-
supials in South America (Fig. 4A, node 8).

Implications for morphological evolu-
tion. Marsupials and placentals make up
99.9% of all extant mammals. The phyletic
divergence of metatherians from eutherians led
to the different specializations in life histories
(42, 43) and skeletal structures (18, 38) of ex-
tant marsupials and placentals. Eomaia, the ear-
liest known member of the eutherian-placental
lineage, lived around 125 Ma (10); thus, the
marsupial-placental split must have occurred no
later than this time. Recent molecular studies
estimate that the marsupial orders may have
diverged as early as 79 to 86 Ma (44). The
previously oldest and uncontested metatherian
[Kokopellia (29)] is �100 Ma, with a possible
deltatheroidan [Atokatheridium (31)] and Ho-
loclemensia (3) known from 110 to 105 Ma. The
previously earliest metatherian skeletal fossil is
from �75 Ma [Asiatherium (28)]. Precious little
is known about the skeletal anatomy of the ear-
liest metatherians for their first 50 million years
of history before the record of Asiatherium.

Metatherians were previously diagnosed
by the presence of three premolars and four
molars (seven postcanine loci) with a single
replacement at the ultimate premolar, as well
as the twinning of the entoconid and hypo-
conulid (34) and the labial postcingulid (29)
in molars. The diagnostic mandibular charac-
ters are an inflected angular process and the
posterior shelf of the masseteric fossa [e.g.,
(3, 14, 19, 21, 35)]. These characteristics are
supplemented by additional carpal apomor-
phies (such as hypertrophied hamate, tri-
quetrum, and scaphoid) and tarsal apomor-
phies (such as enlargement of the navicular
and the medial spread of the navicular facet
on the astragalar head, as well as an oblique,

Fig. 3. Tarsal apomorphies for metatherians and eutherians. (A to G) Astragali; (H to N) calcanei
(left side in ventral or plantar view unless noted otherwise; scale varies among taxa). (A)
Trechnotherian Zhangheotherium (left, dorsal view, National Geological Museum of China NGMC
354). (B) Eutherian Asioryctes [outline after (36)]. (C) Eutherian Ukhaatherium [after (37)]. (D)
Eutherian Eomaia (composite reconstruction). (E) Metatherian Sinodelphys (reconstruction from
two incomplete astragali, ventral view). (F) Metatherian Pediomys [after (18)]. (G) Marsupial
Didelphis. (H) Zhangheotherium (NGMC 354). (I) Ukhaatherium [after (38)]. (J) Eomaia. (K)
Sinodelphys (holotype). (L) Pediomys [after (18)]. (M) Metatherian Pucadelphys [after (21)]. (N)
Metatherian Mayulestes [after (21)]. Tarsal characteristics by phylogenetic nodes 1 to 3 listed in
(14). Abbreviations: ampt, astragalar medial plantar tubercle; av, anteroventral structure (calcane-
us) (flat or grooved in most nonmetatherians, tubercle in metatherians); cf, calcaneocuboid facet
(transverse in nonmetatherians, oblique in metatherians); nv, navicular facet of astragalus (ante-
riorly restricted in most nonmetatherians, medially spread in metatherians); pb, base for peroneal
process (calcaneus) (offset from anterior end of calcaneus in nonmetatherians, anteriorly placed in
metatherians); stp, sustentacular process (calcaneus).
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strengthened calcaneocuboid contact in a mo-
bile transtarsal joint) (18, 45). Sinodelphys
provides new information for the sequence of
evolutionary acquisition of the diagnostic
metatherian characters, helps fill the gaps in

our knowledge of the crucial anatomical trans-
formations that occurred in the marsupial-
placental split, and helps establish the ancestral
anatomy from which the derived marsupials
evolved. Our phylogeny (Fig. 4A) suggests

that the foremost phylogenetic distinctions
between marsupials and placentals are in
the anatomy of the wrist and ankle (Figs. 2
and 3). The carpal and tarsal climbing spe-
cializations were acquired first in the

Fig. 4. (A) Phylogenetic relationships of S. szalayi by the strict consensus;
(B) timing of the earliest evolution of metatherians according to the
Adams consensus of 224 equally parsimonious trees (each tree length �
1700, consistency index � 0.427, retention index � 0.805) from PAUP
(49) analysis (version 4.0b1.0, 1000 runs of heuristic search, with unor-
dered multistate characters) of 380 characters scored for the 84 com-
parative taxa (14). Data sources: minimal age of Sinodelphys, (12); age for
the North American metatherians, (29, 33, 34); age of the Uzbekistan
metatherians, (26, 30); dating of the Mongolian taxa, (3, 28); dating of
the South American metatherians, (21, 24); molecular estimate of diver-
gence of marsupial ordinal clades (green zone), (44); geological ranges of
marsupial families (blue bands), (18). Geological stages: Ab, Albian; Ap,
Aptian; Bm, Barremian; Bs, Berriasian; C, Coniacian; Ca, Campanian; Ce,
Cenomanian; Eo, Eocene; H, Hauterivian; Ma, Maastrichtian; Pa, Paleo-
cene; S, Santonian; T, Turonian; V, Valanginian.
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Early Cretaceous member(s) of the metatherian
lineage (Fig. 4A, node 4), followed by acquisi-
tion of such marsupial dental apomorphies as
the twinned entoconid and hypoconulid and
labial postcingulid of the lower molars typical
of Late Cretaceous metatherians (29, 34) and
the reduced dental replacement related to spe-
cialized marsupial life history (Fig. 4A, node 7)
(46). Characters of Sinodelphys also suggest
that it may be possible for additional stem
boreosphenidans of the Cretaceous to be sort-
ed into the marsupial or placental lineages
when the more definitive apomorphies of
their anterior dentition, carpals, and tarsals
become known from better fossils, even if
their molars lack either placental-like or
marsupial-like specializations (33).

The skeletal adaptations of Sinodelphys
for climbing suggest that scansorial and ar-
boreal adaptations of didelphid marsupials
have a very ancient evolutionary origin (18,
21, 38, 39, 45). The forefoot of Sinodelphys
(Fig. 2) bears resemblance to those of extant
arboreal mammals (38, 45) in many grasping
features. In phalangeal features, Sinodelphys
is more similar to fully arboreal mammals,
such as the didelphid Caluromys and the
flying lemur Cynocephalus, than to scanso-
rial taxa such as the opossum and tree shrew.
The proximal manual phalanx is slightly
arched dorsally (Fig. 2). Some phalanges
have two protuberances for the fibrous ten-
don sheaths of the flexor digitorum. Distal
ends of the metacarpals and phalanges are
robust and trochleated. A large sesamoid
bone is present at the distal phalangeal joint
for all manual digits (Fig. 2). These indicate
that the forefoot of Sinodelphys had a strong
capacity to flex the digits, possibly for grasp-
ing. As in scansorial didelphids, Sinodelphys
has a wide navicular and an expanded navic-
ular facet on the medial side of the astragalar
head, both of which are associated with an
effective grasping of the medial pedal digit(s)
in modern didelphids and with a wider range
of inversion-eversion of the distal pedal
bones at the transtarsal joint (18, 45). One
peculiar feature of Sinodelphys is that its
forefoot is larger (�120% in combined
metapodial and phalangeal length) than the
hindfoot, whereas in the contemporary euth-
erian Eomaia the forefeet and hindfeet are
about the same size (Fig. 2).

The length of proximal and intermediate
phalanges differs among terrestrial, scansorial,
and fully arboreal didelphid marsupials (38)
and in placental carnivorans and euarchontans
(47). The phalangeal ratio of Sinodelphys (Fig.
2, E and F) is intermediate between those of
fully arboreal and scansorial didelphids and is
far greater than that of the fully terrestrial di-
delphid Metachirus (38). The intermediate pha-
lanx in Sinodelphys is also more elongate than
in the scansorial tree shrew. Both the manual
and pedal claws in Sinodelphys lack the thick-

ened dorsal rim seen in eutriconodonts, multi-
tuberculates, and stem therian mammals from
the same fauna, indicating that these claws are
laterally compressed, as in extant mammals
capable of climbing. These convergent skeletal
features for climbing of unrelated scansorial
and arboreal mammals (10, 38, 45, 47) strongly
suggest that Sinodelphys was an agile, scanso-
rial mammal capable of grasping and branch-
walking, and active both on the ground and in
trees or shrubs (e.g., like the scansorial opos-
sum Didelphis or tree-living Caluromys).

Nearly complete mammalian skeletons,
such as those of Sinodelphys and Eomaia,
offer evidence for the ancestral skeletal
adaptations of crown therians. The eight
mammalian species discovered from the
Yixian Formation have revealed a broad
range of locomotory adaptations within the
Yixian mammalian community (48). Body
mass ranges from 45 to 70 g for zhanghe-
otheriids (7 ) to �20 to 25 g for the eutri-
conodont Jeholodens (8) and the multitu-
berculate Sinobaatar (11). The eutherian
Eomaia (10) and the metatherian Sinodel-
phys are 25 to 40 g. Only two gobiconodon-
tids are much larger (200 and 3000 g, re-
spectively) (9). Jeholodens, Sinobaatar,
zhangheotheriids, and gobiconodontids
show terrestrial adaptations by phalangeal
proportions, profile of the claws, and other
skeletal features. By contrast, the more de-
rived Sinodelphys and Eomaia of the ther-
ian crown group have evolved scansorial
adaptations in different ways, even though
they are within the same small body size
range (25 to 50 g) as several other obliga-
tory terrestrial and coexistent mammalian
taxa. The diversification of the earliest met-
atherians and eutherians appears to be as-
sociated with evolution of scansorial adap-
tations that may have facilitated the spread
of these derived clades into more niches
than were accessible to the terrestrial stem
lineages of Mesozoic mammals.
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Subkelvin Cooling NO

Molecules via “Billiard-like”
Collisions with Argon

Michael S. Elioff,1 James J. Valentini,2 David W. Chandler1

We report the cooling of nitric oxide using a single collision between an argon atom
and a molecule of NO. We have produced significant numbers (108 to 109 mol-
ecules per cubic centimeter per quantum state) of translationally cold NO mol-
ecules in a specific quantum statewith an upper-limit rootmean square laboratory
velocity of 15 plus or minus 1 meters per second, corresponding to a 406 plus or
minus 23 millikelvin upper limit of temperature, in a crossed molecular beam
apparatus. The technique, which relies on a kinematic collapse of the velocity
distributions of the molecular beams for the scattering events that produce cold
molecules, is general and independent of the energy of the colliding partner.

The development of methods for the prepa-
ration and confinement of ultra-cold atoms,
with temperatures in the 1 �K to 1 nK range
(1), have made possible the generation of
Bose-Einstein condensates (2–4), the obser-
vation of atom optics (5), the investigation of
collisions at ultra-low energy (6), and the
optical clock (7). Ultra-cold atom samples are
prepared in a two-step process. Radiation
pressure cooling of atoms, via laser light
absorption, yields samples at �1 mK, at
which temperature the atoms can be held in a
magneto-optical or similar trap and the tem-
perature further reduced by optical (8, 9) or
evaporative cooling (10).

The preparation and trapping of mole-
cules at similar temperatures has been
much desired, although not yet accom-
plished in a general way (11–13). The ra-
diation pressure cooling that is used as the
initial step in the trapping of ultra-cold
atoms does not work well for molecules
because of their more complex energy-level
structure. Other methods for slowing or
cooling have been demonstrated to accom-

plish the first step and produce molecules
cold enough to be trapped and further
cooled. The term “cooling” is reserved for
processes that compress the velocity distri-
bution by slowing the particles with higher
velocities more efficiently than they slow
particles with lower velocities. This pro-
cess increases the phase space density of
the molecules.

Cold molecule production processes in-
clude photoassociation of ultra-cold atoms
(14–17); adiabatic tuning of a Feshbach res-
onance in a cold atomic gas (18, 19); and
buffer gas loading (20, 21), which uses laser
ablation (or molecular beam loading) of a gas
into a cold He buffer gas cell wherein bulk
collisions cool the molecules in an anti-
Helmholtz magnetic trap equilibrated at �1
K. Additionally, varying inhomogeneous
electric fields in time has been used to slow
molecules (22). In particular, Stark decelera-
tion (23) can slow dipolar molecules to a stop
when they have the appropriate Stark behav-
ior. Another technique that has been pro-
posed for slowing molecules is a spinning
molecular beam source in which the velocity
of the spinning source cancels the velocity of
the molecules flowing through it (24). Al-
though successful, each approach has limita-
tions in applicability or execution.

We report here a cooling process for mol-
ecules that relies upon a single collision be-
tween the molecule and an atom in a crossed
molecular beam apparatus that produces
molecules with a laboratory velocity that is
nominally zero. The technique relies on a
kinematic collapse of the laboratory velocity
distribution of molecules that are scattered
with a particular recoil velocity vector in the
center-of-mass (COM) frame. The method
depends on the fact that in binary collisions,
one of the collision partners can have a final
COM-frame velocity that is essentially equal
in magnitude and opposite in direction to the
velocity of the COM, thus yielding a labora-
tory-frame velocity that is nearly zero. Cool-
ing occurs because the COM velocity scales
with initial NO velocity almost the same as
does the recoil velocity.

Only collisions that result in NO mole-
cules recoiling opposite to the direction of the
motion of the COM experience the kinematic
collapse. NO molecules recoiling in other
directions have much larger laboratory veloc-
ities and quickly leave the scattering center.
Thus, only the NO molecules that have had
their velocity distribution narrowed by colli-
sion remain. This cooling process is not only
general, but it is also realizable under easily
accessible experimental conditions in crossed
atomic and molecular beams.

The method does not rely on any particu-
lar physical property of either colliding spe-
cies, because zero velocity is a consequence
of the experimentally selectable energy and
momenta of the collision pair. Moreover, this
technique can be used to prepare a single,
selectable ro-vibronic quantum state for trap-
ping. We demonstrate this technique using
inelastic collisions between NO molecules in
one beam and Ar in the other, specifically
NO(2�1/2,j � 0.5) � Ar 3 NO(2�1/2,j� �
7.5) � Ar. Using an existing crossed molec-
ular beam experimental apparatus that is not
specifically optimized for the production of
cold molecules, we generate scattered
NO(2�1/2,j� � 7.5) with a velocity distribu-
tion that is centered about zero, with an upper
limit root mean square (RMS) velocity of

1Combustion Research Facility, Sandia National Lab-
oratories, Livermore, CA 94550, USA. 2Department of
Chemistry, Columbia University, New York, NY
10027, USA.
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